Ejaculated mammalian sperm must undergo a maturation process called capacitation before they are able to fertilize an egg. Several studies have suggested a role for members of the secreted phospholipase A 2 (sPLA 2 ) family in capacitation, acrosome reaction (AR), and fertilization, but the molecular nature of these enzymes and their specific roles have remained elusive. Here, we have demonstrated that mouse group X sPLA 2 (mGX) is the major enzyme present in the acrosome of spermatozoa and that it is released in an active form during capacitation through spontaneous AR. mGX-deficient male mice produced smaller litters than wild-type male siblings when crossed with mGX-deficient females. Further analysis revealed that spermatozoa from mGX-deficient mice exhibited lower rates of spontaneous AR and that this was associated with decreased in vitro fertilization (IVF) efficiency due to a drop in the fertilization potential of the sperm and an increased rate of aborted embryos. Treatment of sperm with sPLA 2 inhibitors and antibodies specific for mGX blocked spontaneous AR of wild-type sperm and reduced IVF success. Addition of lysophosphatidylcholine, a catalytic product of mGX, overcame these deficiencies. Finally, recombinant mGX triggered AR and improved IVF outcome. Taken together, our results highlight a paracrine role for mGX during capacitation in which the enzyme primes sperm for efficient fertilization and boosts premature AR of a likely phospholipid-damaged sperm subpopulation to eliminate suboptimal sperm from the pool available for fertilization.
Introduction
Spermatogenesis within the testis leads to the production of morphologically mature sperm that are still functionally immature, immotile, and incompetent for fertilization. Before fertilization, sperm should undergo two major series of important morphological, biochemical, and functional modifications, one within the epididymis and the other within the female reproductive tract after ejaculation. During their transit through the epididymis, sperm acquire progressive motility and prime the signaling pathways that will eventually orchestrate capacitation. The full fertilization potential of spermatozoa will be reached in vivo only after capacitation, a final maturation process occurring in the female reproductive tract. Capacitation was discovered by Austin and Chang in the early 1950s and is defined as a complex set of molecular events that allow ejaculated sperm to fertilize an egg (1, 2) . Fertilization then starts with sperm binding on the zona pellucida (ZP), followed by the physiological acrosome reaction (AR), which is essential for sperm-oocyte fusion. Only fully capacitated spermatozoa can bind to the zona-intact egg and are competent for AR (3) . However, during capacitation, a large fraction of sperm (30%-40%) undergoes a premature AR called spontaneous AR (4) . This process is currently interpreted as a sperm malfunction and suggests that a subpopulation of ejaculated sperm does not tolerate the above-described final maturation process. The endogenous factors responsible for spontaneous AR and the possible physiological reasons for this process have not been identified. Indeed, the molecular mechanisms of sperm capacitation are still poorly understood, even after 50 years of intensive research (5) (6) (7) (8) (9) (10) . If capacitation clearly depends on cellular redox activity, ion fluxes, and protein phosphorylations, this process is also characterized by a strong dependence on the lipid membrane composition and lipid metabolism. Indeed, major lipid remodeling events of sperm including reorganization of the plasma membrane and formation of membrane subdomains, have been observed during capacitation at both chemical and biophysical levels (10, 11) . During capacitation, the most well-known modification of the plasma membrane is cholesterol efflux, which plays a major role in sperm maturation both in vivo and in vitro (5) . Other major changes during capacitation include remodeling of lipid rafts, efflux of desmosterol, and changes in sterol sulfates, phospholipids, sphingomyelin, and ceramides, all of them likely contributing to the increase in membrane fluidity by changing lipid packing and thereby providing heterogeneity of the sperm population (5, (12) (13) (14) . If several families of lipolytic enzymes are involved in these lipid modifications (15) , phospholipases A 2 (PLA 2 s) are likely to be important, because of their abundant expression in male reproductive organs (16) (17) (18) (19) and because of their great diversity of action, from phospholipid remodeling and lipid mediator release to inflammation and host defense (20, 21 ). PLA 2 s catalyze the hydrolysis of phospholipids at the sn-2 position to generate free fatty acids and lysophospholipids, which are precursors of different lipid mediators, such as eicosanoids and platelet-activating factor (PAF) (23, 23) . PLA 2 metabolites either leave the cellular membrane and are involved in different cellular signaling pathways or accumulate in the leaflet of the membrane and change its biophysical properties. PLA 2 s constitute one of the largest families of lipid-hydrolyzing enzymes and have been classified into several groups (20) . Based on their respective structure and cellular localization, PLA 2 s can be divided into 2 major sets of proteins: a set of 15 distinct Ca 2+ -dependent and Ca 2+ -independent intracellular PLA 2 s and another set of 10 Ca 2+ -dependent secreted PLA 2 s (sPLA 2 s). The PLA 2 family also includes a set of intracellular and secreted forms of PAF acetylhydrolase. Deciphering the biological functions of each PLA 2 member is challenging. Studies over the last decade have shown that intracellular PLA 2 s and extracellular PLA 2 s are involved in the production of various lipid mediators in different tissues and cell types, these lipid mediators being important in numerous and diverse physiological and pathophysiological conditions (21) (22) (23) (24) .
Several intracellular and secreted PLA 2 s in the testis and other male reproductive organs have been described, but their respective functions in reproduction still remain largely obscure. Group VIIIB PAF acetylhydrolase and group VIA calcium-independent PLA 2 (iPLA 2 β) have been found in sperm, and the corresponding deficient mice present defects in early spermatogenesis and sperm motility, respectively (17, 18, 25) . Previous studies have also shown that several sPLA 2 s including group IIA, IIC, IID, IIE, IIF, V, and X are present in various genital male organs, such as testis, epididymis, vas deferens, seminal vesicles, and prostate, but their exact functions are still speculative (16, 26) . More particularly, mouse group IIE, V, and X sPLA 2 s (mGIIE, mGV, and mGX, respectively) have been localized in spermatogenic cells, but their presence in mature sperm and their specific functions in capacitation and/or fertilization remain to be determined. Irrespective of the above, different studies have shown that one or several uncharacterized PLA 2 s play an important role in capacitation, AR, and the early steps of fertilization, including sperm binding and sperm-oocyte fusion (19) . First, several biochemical studies have demonstrated the presence of one or several low-molecularweight Ca 2+ -dependent sPLA 2 -like proteins in spermatozoa from different species, yet their molecular nature still remains elusive (27) (28) (29) . As for capacitation, a spontaneous release of PAF during capacitation has been linked to activation of spontaneous AR, but the enzyme responsible for PAF release has not been identified (30) . As for AR, induction of AR using nonphysiological and physiological stimuli such as Ca 2+ ionophore, progesterone, and ZP produces the release of arachidonic acid and/or lysophosphatidylcholine (LPC) and is prevented by PLA 2 inhibitors on sperm from various species (31) (32) (33) (34) . However, the identity of the PLA 2 (s) involved in this exocytotic event has not yet been revealed, and the use of poorly specific PLA 2 inhibitors such as Ro-31-4493, aristolochic acid, or ONO RS-82 in these studies cannot provide any clue (31, 33, 34) . PLA 2 activation during AR is also supported by the fact that LPC and fatty acids accelerate or promote exocytosis (35, 36) . Finally, LPC improves sperm binding on ZP (37) and sperm-oocyte fusion (38) , supporting the notion that one or several PLA 2 s including an sPLA 2 protein may be important for capacitation and fertilization.
In this study, we have used mouse group X sPLA 2 -deficient mice (referred to herein as mGX -/-mice), sPLA 2 inhibitors, and recombinant mGX protein to identify what we believe to be a novel role of this particular sPLA 2 . We demonstrated that mGX sPLA 2 is the major enzyme present in the acrosome of mature spermatozoa and is released as an active enzyme during AR. mGX controls sperm physiology at two levels: first, during capacitation, by triggering spontaneous AR of a specific subpopulation of sperm; and second, during the subsequent fertilization by improving the sperm fertilization potential.
In a companion to the present article, Sato et al. (39) show that another enzyme, the mouse group III sPLA 2 , is highly expressed in the proximal epithelium of epididymis and that mice deficient for this sPLA 2 exhibit male infertility because of profound defects in sperm maturation within the epididymis. Together, our results show that two catalytically active sPLA 2 s are expressed in different locations within the reproductive male organs and exert nonredundant functions at two major steps of maturation of spermatozoa - during their transit through the epididymis and during capacitation - with important impacts on male fertility in both cases.
Results mGX sPLA 2 is specifically expressed in late spermatogenic cells and in the acrosome of mature spermatozoa. Quantitative RT-PCR analysis showed that the mRNA coding for mGX is present at much higher levels in the testis than epididymis ( Figure 1A) . Furthermore, in situ hybridization on tissue sections of the testis from 8-week-old C57BL/6J mice showed that mGX mRNA is present in late spermatogenic cells (spermatocytes and spermatids, but not spermatogonia) in the seminiferous tubules ( Figure 1B ). In accordance with these results, immunohistochemistry experiments on parallel tissue sections with a specific polyclonal mGX antibody showed the presence of mGX in spermatocytes and spermatids, but not in spermatogonia ( Figure 1C ). In magnified views ( Figure 1C , inset), scattered signals with crescent and elongated shapes were evident in spermatocytes and spermatids, suggesting that mGX is localized in the acrosomal area. In human testis, immunohistochemistry experiments showed that group X sPLA 2 was also present in spermatocytes and spermatids (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI40494DS1), in contrast to group IIF and V sPLA 2 s, which were present at different locations (Supplemental Figure 1 , B and C). To further support the acrosomal location of mGX sPLA 2 , spermatozoa from caudae epididymis were stained with anti-mGX or control antibodies. A strong and specific immunofluorescent signal for mGX was confined to the sperm head, and more particularly in the acrosomal crescent zone ( Figure 1D ). mGX sPLA 2 is released during AR. To further demonstrate that mGX is an acrosomal protein, we monitored its release from mouse mature sperm undergoing in vitro capacitation in conditions known to induce spontaneous AR of 30%-40% of the sperm population over a 90-minute incubation time. The presence of mGX and other sPLA 2 s possibly found in the acrosome was first determined using specific and sensitive (down to 5 pg per assay for mGX) time-resolved fluoroimmunoassays (TR-FIAs) recently developed for the different mouse sPLA 2 s (40) . Our experiments demonstrated that the amount of mGX protein was increased in the supernatant, with a concomitant decrease in the pellet during capacitation (Figure 2A ). Moreover, inducing AR by the Ca 2+ ionophore A23187 resulted in a 2.5-fold increase in the amount of mGX released at 90 minutes of capacitation. Remarkably, the sum amount of mGX was constant during capacitation, showing the accuracy of our measurements in supernatants and pellets ( Figure 2A ). The fact that mGX redistributed from the pellet to the supernatant during capacitation or after A23187-induced AR clearly demonstrates that the enzyme is present in the acrosome of mature sperm. When mGX -/-sperm were used in similar capacitation experiments, no mGX TR-FIA signal was detected, validating the specificity of the results ( Figure 2B ). We also examined the presence of other sPLA 2 s including mGIIA, mGIID, mGIIE, mGIIF, and mGV in the sperm of various mouse strains (C57BL/6J, BALB/c, and OF1), and none of these sPLA 2 s were detected (Supplemental Figure 2 ). We then monitored the sPLA 2 enzymatic activity in supernatant and pellet during capacitation by a sensitive sPLA 2 enzymatic assay utilizing radiolabeled E. coli membranes as a substrate. In accordance with the mGX sPLA 2 TR-FIA data, the sPLA 2 enzymatic activity was increased in the supernatant and decreased in the pellet ( Figure 2C ). The respective increases and decreases in sPLA 2 activity during capacitation were entirely due to mGX, since only barely detectable and constant levels of enzymatic activity were measured with mGX -/-sperm ( Figure 2D ). The fact that the sPLA 2 activity specifically released during capacitation was due to mGX sPLA 2 was further confirmed by inhibition with an antibody raised against mGX, with no effect of antibodies raised against mGIIA or mGIIF ( Figure 2E ). Finally, the enzymatic activity was of an sPLA 2 type, but not cytosolic PLA 2 (cPLA 2 ) or iPLA 2 β, since these latter enzymes are known to be inactive on E. coli membranes (41, 42) and since the measured PLA 2 activity was fully blocked by EDTA, DTT, and LY329722 ( Figure 2E ), which are broad but specific inhibitors of sPLA 2 s (43, 44) . Parallel experiments performed with recombinant mGX protein and the above inhibitors further demonstrate that mGX is responsible for most of the sPLA 2 enzymatic activity in supernatant and pellet ( Figure 2E ). Figure  3A) . However, the average litter size of mGX -/-male mice crossed with mGX -/-females (5.70 ± 0.42 pups, n = 10, P < 0.01) was slightly lower than that of WT littermates (7.75 ± 0.49 pups, n = 37) ( Figure 3A) , suggesting a lower fertility of mGX -/-animals. Because of the large amount of mGX in the sperm acrosome, we reinvestigated the role of mGX in sperm by performing IVF with mGX -/-sperm and WT oocytes. We scored the different types of egg/oocytes obtained 24 hours after mixing sperm with oocytes: unfertilized oocytes, 2-cell embryos (normal stage), and aborted embryos; and we used the 2-cell embryo values to measure fertility (47), since 2-cell embryos are appropriate for transfer into the female tract ( Figure 3 , B and C). As a control, we confirmed that oocytes incubated without sperm in M16 medium for 24 hours did not present any type of cell division (data not shown). In IVF experiments, the fertilizing potential of mGX -/-sperm was clearly impaired when compared with that of WT littermate sperm ( Figure 3D) . Indeed, the rate of 2-cell embryos was reduced from 67.6% ± 2.2% (n = 13) to 37.6% ± 3.9% (n = 11, P < 0.01) for mGX +/+ sperm and mGX -/-sperm, respectively. Furthermore, the rate of aborted embryos increased from 7.7% ± 1.6% to 11.9% ± 1.9% (n = 11, P < 0.05) for mGX +/+ and mGX -/-sperm, respectively. Finally, the In situ hybridization. Sections of testis from 8-week-old C57BL/6J mice were hybridized with antisense and sense probes for mGX. Positive signal for mGX was detected in spermatogenic cells (spermatocytes and spermatids, but not spermatogonia) in the seminiferous tubules. Original magnification, ×200. Scale bar: 100 μm. (C) Immunohistochemistry. Sections of the testis from 8-week-old C57BL/6J mice were stained with anti-mGX antibody or control antibody. Intense staining was found in spermatocytes and spermatids in the seminiferous tubules but not in spermatogonia (original magnification, ×200). In magnified views, scattered signals with crescent and elongated shapes were evident in spermatocytes and spermatids, suggesting labeling in the acrosomal area. (D) Spermatozoa from caudae epididymis were stained with anti-mGX antibody or control antibodies. Immunofluorescent signal for mGX sPLA2 was confined to the sperm head. Note that the staining along the tail was nonspecific, since sperm treated with preimmune serum or only secondary antibody were also stained.
percentage of unfertilized oocytes for mGX -/-sperm was more than 2-fold higher than that for mGX +/+ sperm. Interestingly, the impaired fertility of mGX -/-sperm was rescued by a short incubation of mGX -/-sperm with recombinant mGX protein at the end of the capacitation period ( Figure 3E ; see also the detailed protocol of IVF with treated sperm in Supplemental Figure 3 ).
Endogenous mGX sPLA 2 regulates spontaneous AR. The fact that mGX sPLA 2 is released during AR and lysophospholipids and fatty acids, two products of sPLA 2 , activity can activate AR (35, 48) makes possible that the mGX released during the early time points of capacitation boosts spontaneous AR in a paracrine manner. To explore this possibility, we compared the kinetics of spontaneous AR in sperm from mGX +/+ and mGX -/-mice. The early onset of spontaneous AR was unchanged between mGX +/+ and mGX -/-sperm. However, the level of spontaneous AR of mGX -/-sperm occurring during the late phase of capacitation (55-90 minutes) was markedly lower than that of mGX +/+ sperm ( Figure 4A ) and reached a plateau during the late phase of capacitation (55-90 minutes); a statistically significant difference was found between 55 and 90 minutes of capacitation for WT sperm (P < 5 × 10 -3 ), while no significant difference was observed for deficient sperm (P = 0.94). Addition of recombinant mGX in the capacitation medium of mGX -/-sperm at 80 minutes rescued a normal level of spontaneous AR at 90 minutes ( Figure 4A ). To confirm the involvement of mGX in spontaneous AR, we evaluated the capacity of exogenous recombinant mGX to trigger AR during capacitation ( Figure 4 , B and C). The mGX recombinant enzyme was highly effective on noncapacitated sperm, since concentrations as low as 0.2 nM led to a 2-fold increase in spontaneous AR, while a maximal increase in AR up to approximately 65% was observed at 500 nM ( Figure  4B ). Noncapacitated sperm and sperm capacitated for 90 minutes were equally sensitive to a 10-minute incubation with mGX, indicating that mGX retained the ability to induce AR throughout capacitation ( Figure 4C ). Together, our results demonstrate that spontaneous AR occurring during the late phase of capacitation is controlled by the secretion and paracrine activity of mGX. Our results also indicate that mGX modifies the ratio between two sperm subpopulations: the acrosome-reacted and the non-acrosome-reacted sperm. Importantly, we observed that very high concentrations of recombinant mGX sPLA 2 did not induce AR of the entire sperm population. Indeed, about 35% of the noncapacitated sperm population remained fully resistant to mGX when treated for 10 minutes, while about 18% of sperm remained resistant to mGX treatment when first capacitated for 90 minutes.
mGX sPLA 2 triggers AR via its catalytic activity and independently of cytosolic Ca 2+ rise. To determine whether the catalytic activity of mGX is required for the induction of AR, we first tested the catalytically inactive H48Q mutant of mGX, which has less than 0.1% of WT catalytic activity (49) . This mutant was unable to trigger AR of noncapacitated sperm ( Figure 5A ). We then tested the effect of recombinant pro-mGX, the zymogen form of mGX, which has very low enzymatic activity (50) . Pro-mGX was also unable to trigger AR at 500 nM ( Figure 5A ). Finally, we tested LY329722, a specific sPLA 2 inhibitor (compound A in ref. 44) , and found that this inhibitor blocked the sPLA 2 -induced AR of capacitated sperm at 1 μM (Figure 5B) . Together, these results demonstrate that the catalytic activity of mGX is essential for inducing AR. We also wondered whether Ca 2+ influx was required for mGX-induced AR. To address this question, sperm were loaded during 30 minutes in a noncapacitating medium with BAPTA-AM, a cell-permeant and fast chelator of Ca 2+ , known to block cytosolic Ca 2+ increase and AR induced by ZP3 (51) . Sperm were then washed and incubated for another 30 minutes to allow for a complete de-esterification of BAPTA-AM. At the end of this procedure, sperm were immobile, indicating efficient chelation of cytoplasmic Ca 2+ by BAPTA. Sperm were then incubated with mGX for 10 minutes and scored for AR. The effect of mGX was not prevented by BAPTA, indicating that calcium signaling is not involved in sPLA 2 -induced AR ( Figure 5C ).
Acrosome-reacted and non-acrosome-reacted sperm treated with mGX sPLA 2 present a normal ultrastructural morphology. The subpopulation of sperm that is resistant to mGX-dependent AR is obviously the one that can fertilize eggs. This is because only nonacrosome-reacted sperm can bind to the egg and cross the ZP. It thus appeared important to check the ultrastructural integrity of the acrosome of sperm resistant to mGX treatment by electron microscopy. We found that non-acrosome-reacted sperm treated for 10 minutes with 200 nM mGX ( Figure 6A ) presented ultrastructural characteristics that were indistinguishable from those of untreated sperm ( Figure 6B ), without any apparent defect in the acrosomal area. We next analyzed the morphology of acrosomereacted sperm. There are 3 morphological criteria by which an AR can be evaluated as normal: (a) the outer acrosomal membrane should present vesiculation; (b) the plasma membrane should fuse with the outer acrosomal membrane; and (c) the fused membrane should present a characteristic double-hairpin shape at the base of the acrosome (52) . We compared A23187-induced and mGXinduced AR. All the sperm that were acrosome reacted by A23187 presented a complete AR exhibiting the 3 above morphological criteria (data not shown). The sperm that were acrosome reacted by mGX were judged as normal on the basis of the same criteria (Figure 6C) . We also observed very early stages of AR-like cavitation of the acrosomal matrix ( Figure 6D ). Together, our analyses indicate
Figure 3
The lack of mGX sPLA2 in sperm affects male fertility. (A) The litter sizes of intercrosses between male and female mGX-deficient mice are lower than those of littermate WT mice. Note that male and female mGX -/-mice produced normal litter size when mated with WT C57BL/6J mice (B) Pictures of the different stages obtained after IVF at 24 hours: unfertilized oocytes; 2-cell embryos (normal development); aborted embryos corresponding to oocytes with either multiple and uncontrolled divisions or presenting a second polar body (2 PB) but no cell division (arrows) that treatment of sperm with mGX produces acrosome-reacted sperm and non-acrosome-reacted sperm with a normal morphology. The fact that the non-acrosome-reacted sperm do not appear to be damaged and have an intact acrosome indicates that it is this subpopulation of sperm that fertilizes eggs.
The fertility outcome is dependent on the rate of spontaneous AR controlled by mGX sPLA 2 . A fraction of the sperm population was found to be fully resistant to recombinant mGX, even at concentrations as high as 500 nM ( Figure 4B ). This suggests that recombinant mGX specifically targets a subpopulation of sperm and triggers their AR prematurely, i.e., before fertilization. Since endogenous mGX is released during capacitation (Figure 2 ), a similar mechanism may be operating physiologically, and the role of endogenous mGX would be to target a specific subpopulation of sperm that may have defective sperm function. To address this hypothesis, we performed IVF experiments with WT sperm and oocytes from outbred OF1 animals. Outbred mice were first chosen because inbred mice, and more particularly C57BL/6 mice, present a subfertile phenotype that may interfere with the results. Sperm were pretreated with the sPLA 2 inhibitor LY329722 throughout capacitation. Treating sperm with LY329722 decreased the rate of 2-cell embryos by 23% (n = 8, P = 0.023), which was compensated by an increased rate of aborted embryos ( Figure 7A ). Importantly, the inhibitor did not alter the fertilizing potential of sperm, since the rate of unfertilized oocytes remained constant. We also followed spontaneous AR in the presence of LY329722 during capacitation ( Figure 7B ). In accordance with the results obtained for mGX -/-sperm ( Figure  4A ), the onset of spontaneous AR was not modified by LY329722. However, the spontaneous AR occurring during the late phase of capacitation (55-90 minutes) was markedly reduced by the inhibitor. The level of spontaneous AR at 90 minutes in the presence of LY329722 was not statistically different from the level of AR of mGX -/-sperm at 90 minutes. Similar results were obtained with indoxam, another sPLA 2 inhibitor (50) (data not shown). Interestingly, we found that addition of 1 μM LPC, a major product of mGX sPLA 2 activity (43), to sperm treated with LY329722 partially rescues the level of spontaneous AR, indicating that LY329722 specifically targets mGX sPLA 2 . In contrast, LPC alone had no effect on spontaneous AR at this concentration ( Figure 7B ). Since sPLA 2 inhibitors such as LY329722 have a low membrane permeability (53), the inhibition of spontaneous AR is likely due to the inhibition of mGX present in the cell medium after its release, and not to inhibition of mGX still present in the acrosome. The fact that LY329722 blocks spontaneous AR and reduces 2-cell embryos (and thus fertility; see ref. 47) suggests that the level of spontaneous AR controlled by mGX is an important factor controlling the fertility outcome. To confirm this view, we performed IVF with OF1 sperm briefly treated with 200 nM recombinant mGX during the last 10 minutes of capacitation (see Supplemental Figure 3 for the time course of this experiment). In accordance with the results of Figure 4C , this treatment elicited AR of approximately 65% of treated sperm, and this effect was blocked by LY329722 ( Figure  8A ). This treatment led to an increased rate of 2-cell embryos from 38.09% ± 5.27% to 57.50% ± 4.69% (n = 13, P < 0.0001) for control and treated sperm, respectively ( Figure 8B) . Similar experiments performed with sperm and oocytes from C57BL/6J inbred mice produced an even larger increase, with a 2-fold higher rate of 2-cell embryos for mGX-treated sperm (Supplemental Figure 4) . As for LY329722 (Figure 7A ), mGX treatment did not change the fertilization potential of sperm, since the rate of unfertilized oocytes remained constant: the increased rate of 2-cell embryos was compensated by the decreased rate of aborted embryos ( Figure 8B) , from 32.95% ± 5.06% to 19.85% ± 2.96% (n = 13, P < 0.01). Furthermore, we found that embryos obtained with mGX-treated sperm
Figure 4
Endogenous and recombinant mGX sPLA2 both regulate spontaneous AR during capacitation. (A) Spontaneous AR of mGX -/-sperm does not progress beyond 55 minutes of in vitro capacitation, in contrast to WT sperm. Addition of mGX during the last 10 minutes of 90-minute capacitation rescues normal spontaneous AR in mGX -/-sperm. Spontaneous AR was quantified during capacitation at 10, 55, and 90 minutes in mGX +/+ littermate sperm (n = 11) and mGX -/-sperm (n = 6). (B) Recombinant mGX sPLA2 is a potent inducer of AR. Dose-response curve for AR of noncapacitated WT sperm triggered by mGX (n = 3-8).
(C) Treatment with mGX sPLA2 (200 nM) for 10 minutes triggers AR of both noncapacitated WT sperm (23.7% ± 1.4% to 68.1% ± 2.1% for control and mGX-treated sperm, respectively; n = 23) and WT sperm capacitated for 90 minutes (46.5% ± 6.3% to 81.8% ± 5.4% for control and mGX-treated sperm, respectively; n = 3).
developed normally to the blastocyst stage ( Figure 8C ) and that reimplanted blastocyst embryos gave rise to normal pups (data not shown). The effect of exogenous mGX on fertility was dependent on its enzymatic activity, since preincubation of mGX with LY329722 for 15 minutes before the short treatment of sperm prevented the positive effect on IVF ( Figure 8D ). We then reasoned that mGX may influence fertility by decreasing the number of sperm able to cross the ZP, and thus by decreasing the risk of polyspermy. Indeed, the number of sperm in an IVF droplet greatly exceeded the minimal number necessary to maximize the IVF outcome. To test this hypothesis, we evaluated the IVF outcome (2-cell embryos) with a concentration of non-acrosome-reacted sperm equivalent to that obtained after mGX treatment. Figure  8A . This drop was mimicked by performing IVF either at 1.5 × 10 5 or 3 × 10 5 sperm, and this dilution did not increase the fertility rate ( Figure 8E ). This result ruled out the hypothesis of a decreased risk of polyspermy due to mGX treatment. Together, the results shown in Figures 7 and 8 clearly indicate that the fertility outcome of our IVF experiments is linked to the level of AR controlled by mGX. LPC, an sPLA 2 metabolite, increases the fertilization potential of sperm. We have demonstrated above that mGX, which is spontaneously released by sperm during capacitation, triggers AR of a subpopulation of sperm via a paracrine amplification loop. Our IVF experiments further support the notion that this subpopulation of sperm is less fertile and poorly promotes normal embryo development. Moreover, mGX -/-sperm also present a deficit of fertilization potential, as indicated by the decrease in fertilization rate ( Figure 3D ). This observation is suggestive of a second role for mGX or its catalytic products downstream of capacitation, i.e., during fertilization. To test this hypothesis, we allowed WT sperm to capacitate in the presence of YM26734, another potent sPLA 2 inhibitor (54), then washed the sperm by centrifugation to remove the inhibitor, and finally performed IVF experiments in the absence or presence of LPC, a major catalytic product of mGX (55) . Interestingly, treatment with YM26734 alone decreased the rate of 2-cell embryos by 40%, from 58.9% ± 6.8% to 35.6% ± 5.7% (n = 3). Furthermore, addition of LPC could rescue the fertilization potential of YM26734-pretreated sperm, with a 2-cell embryo rate of 52.7% ± 9.7% (n = 3) ( Figure 9A ). To confirm the effect of YM26734, we performed similar experiments in the presence of an mGX rabbit polyclonal antibody and obtained similar results: the 2-cell embryo rate decreased from 51.7% ± 5.2% to 32.4% ± 2.1% for control sperm and sperm treated with mGX antibody, respectively. Addition of LPC, after the capacitation of sperm treated with the antibody, rescued the 2-cell embryo rate up to 57.1% ± 8.2% (n = 3) ( Figure  9B ). Importantly, we observed that treatment of sperm with LPC alone had no effect on the rate of fertilization at this concentration (data not shown). This result demonstrates that LPC, an mGX metabolite, is required for normal fertilization and suggests a second role for mGX, in addition to its role in the control of spontaneous AR. The fertilization potential of the non-acrosome-reacted sperm subpopulation is thus dependent on mGX enzymatic activity, and mGX or its downstream metabolic products including LPC are likely involved in one of the different steps of fertilization occurring after capacitation, including sperm binding on ZP, ZP-induced AR, and/or sperm-egg fusion.
Discussion
This study shows for the first time to our knowledge that mGX sPLA 2 is present in large amounts in the sperm acrosome and plays an important paracrine role in the control of spontaneous AR during capacitation, which is associated with a strong impact on fertility outcome. Our results also provide indirect evidence that mGX plays a role during the downstream fertilization step and thus likely acts at two major stages of reproduction, capacitation and fertilization. Finally, our findings may open new possibilities for the improvement of assisted reproduction techniques.
We first unambiguously identified mGX as the major sPLA 2 enzyme loaded in the mouse sperm acrosome. Although several sPLA 2 s are present in mouse male reproductive organs (16), we did not detect mGIIA, mGIID, mGIIE, mGIIF, and mGV sPLA 2 proteins in mature mouse sperm, while the expression of mGX was very high, with several nanograms of mGX protein per million sperm. This value appears very high when compared with the level of mGX protein in various mouse tissues (56) and fits with the very high level of mGX mRNA in testis versus other tissues (57). Our finding is important, since there have been numerous biochemical reports during the past 40 years showing the presence of an sPLA 2 protein in sperm from several mammalian species, the molecular identity of which was never clarified (19, (27) (28) (29) . This unknown sPLA 2 was of low molecular mass; was reported as a proenzyme; was resistant to heat and acid extraction; was Ca 2+ -dependent; could hydrolyze both phosphatidylcholine and phosphatidylethanolamine; and was sensitive to nonspecific sPLA 2 inhibitors such as Mepacrine, p-bromophenacyl bromide, aristolochic acid, Ro-31-4493, and Ro-4639. Many of these features match those of group X sPLA 2 (43, 57, 58) . The presence of group X sPLA 2 in the sperm acrosome in other species including humans, however, remains to be determined. Our preliminary data obtained by RT-PCR (59) and immunohistochemistry (Supplemental Figure 1) on human testis suggest that group X sPLA 2 is a likely candidate, but a more thorough analysis should be performed at the protein level on purified human sperm. Interestingly, a proenzyme form was detected in human sperm (28) , and this would fit with human group X sPLA 2 , which has a propeptide sequence (58) . More recently, the presence and release of an sPLA 2 from human sperm has been
Figure 7
Blocking endogenous mGX sPLA2 with the specific inhibitor LY329722 impacts both fertility outcome and spontaneous AR. (A) Endogenous mGX, secreted during spontaneous AR, controls the yield of viable embryos, without changing the rate of fertilization. IVF experiments were performed with either control sperm or the same sperm treated throughout capacitation with 1 μM LY329722 (n = 8) and unfertilized oocytes. Two-cell embryos and aborted embryos were scored. Inhibiting mGX decreases 2-cell embryos and increases aborted embryos. The design of the experiment clearly indicates that LY329722 controls the yield of viable embryos by inhibiting endogenous mGX secreted during spontaneous AR. (B) The sPLA2 inhibitor LY329722 blocked the late phase of spontaneous AR. Spontaneous AR was quantified during capacitation at 10, 55, and 90 minutes in the absence or presence of 1 μM LY329722 (n = 10-14). Incubation of sperm with 1 μM LPC during the last 45 minutes partially rescued the inhibition of spontaneous AR induced by LY329722 (n = 7).
reported (29, 38) , but the two studies were performed using antibodies with unclear specificity toward the different sPLA 2 isoforms and were thus inconclusive regarding the identity of the human sperm sPLA 2 . Finally, there is evidence suggesting that other PLA 2 s including iPLA 2 β and likely a cPLA 2 member are present in sperm (18, 19) . The locations of these intracellular PLA 2 s and their likely distinct roles in sperm function remain to be investigated using inhibitors specifically targeting these enzymes.
We then investigated the role of mGX during in vitro capacitation and found that the sPLA 2 controls to a large extent the percentage of sperm undergoing "spontaneous" or premature AR, thereby inactivating them for the fertility race. Our experiments with WT versus mGX-deficient sperm indicate a delayed paracrine effect of endogenous mGX sPLA 2 on the rate of spontaneous AR (Figure 4A) . Since different lipid mediators such as prostaglandin E 1 and PAF can trigger AR and are produced at the onset of in vitro capacitation (30, 60) , it is tempting to speculate that such lipid mediators are produced by an intracellular PLA 2 -dependent mechanism in a subpopulation of "excessively primed" or damaged sperm, trigger initial AR, and release mGX sPLA 2 , which in turn amplifies spontaneous AR in a paracrine loop of activation. Recombinant mGX sPLA 2 can promote AR at low nM concentrations and over the entire time course of capacitation ( Figure 4 , B and C), demonstrating its high potency in AR. Interestingly, the effect of mGX reaches a plateau ( Figure 4B ) and leaves intact a subpopulation of sperm showing a normal morphology ( Figure 6 ) and capable of fertilizing oocytes (Figure 8 ). Together, our results indicate that mGX makes an important contribution during in vitro capacitation, at least by triggering AR in a subpopulation of likely damaged sperm. This suggests a role of mGX in sperm cell sorting during capacitation as a mechanism to improve fertility outcome. Our current view of the in vivo situation is that the heterogeneous population of ejaculated sperm becomes exposed to mGX sPLA 2 (and possibly other sPLA 2 activities) after their mixing with seminal plasma secretions and/or during their swimming through the female tract. Indirect evidence supporting this view include the facts that (a) various populations of sperm with a different lipid composition, a damaged plasma membrane, and externalization of phosphatidylserine associated with spontaneous AR have been identified (13, 14) ; (b) seminal plasma and female tract secretions contain endogenous PLA 2 regulators (26, 61-63); and 
Figure 9
Addition of LPC during fertilization rescues the fertilization potential of sperm treated with sPLA2 inhibitor or anti-mGX antibody during capacitation. (A) IVF experiments were performed with sperm treated or not with the sPLA2 inhibitor YM26734 (1 μM) only during the capacitation period. LPC (1 μg/ml) was added only during gamete mixing. The approximately 40% reduction in 2-cell embryo rate measured with YM26734-treated sperm (n = 3, P < 0.05) was restored by supplementation with LPC. (B) Similar reduction and recovery of IVF were observed with sperm treated with anti-mGX antibody (50 μg/ml) during capacitation and LPC added during gamete mixing (n = 3, P < 0.05), respectively.
(c) a relationship was found among PLA 2 activity in human sperm, seminal fluid, and male fertility (64) .
The mechanism by which mGX promotes AR clearly depends on its enzymatic activity, because (a) the catalytically inactive mutant H48Q and the proenzyme form of mGX are inactive and (b) the specific sPLA 2 inhibitor LY329722 prevents mGX-induced AR ( Figure 5, A and B) . The fact that the two major products of mGX sPLA 2 , LPC and free fatty acids, are able to trigger AR also supports this mechanism (35, 36, 48) . This direct mechanism also fits with our results showing that mGX-induced AR does not require intracellular Ca 2+ ( Figure 5C ). Based on the specificity and action of group X sPLA 2 on different cells (43, 65) , the phospholipid targets of mGX on sperm are likely phosphatidylcholine, phosphatidylethanolamine, and phosphatidylserine, especially those enriched in polyunsaturated fatty acids at the sn-2 position. Such phospholipids are present in caudae epididymal sperm and reorganized into microdomains in the sperm head plasma membrane during capacitation (10, 11, (66) (67) (68) (69) . The fact that about 30% of the sperm population is insensitive to mGX sPLA 2 while the other 70% is gradually sensitive (Figure 4 ) is likely related to the heterogeneous lipid nature of the sperm plasma membrane producing various subpopulations of sperm with different levels of cholesterol, lipid peroxidation, lipid dynamics, and phospholipid asymmetry (70) . Indeed, the enzymatic activity of group X sPLA 2 has been shown to be influenced by the lipid composition of the plasma membrane, notably by the ratio between sphingolipids and phosphatidylcholine species (71) . Furthermore, it has been shown that the enzymatic activity of several sPLA 2 s is dependent on lipid packing and phospholipid asymmetry (72) . The ratio of phospholipids to sphingomyelin is changed during sperm maturation, and this is likely a way to control mGX activity on distinct sperm subpopulations. Interestingly, sphingomyelinase speeds up sperm capacitation and increases spontaneous AR (73) . Whether mGX may be acting on a particular population of damaged sperm with altered plasma phospholipid asymmetry including externalized phosphatidylserine or oxidized phospholipids associated with a decreased fertility potential remains to be determined (15, 70, 74, 75) .
We have clearly demonstrated that mGX sPLA 2 is a potent regulator of spontaneous AR during capacitation and that a defect in this process or its inhibition reduces fertility outcome by increasing the rate of aborted embryos and decreasing the rate of 2-cell embryos. We have indeed demonstrated that (a) decreasing AR by inhibition of mGX decreases fertility outcome, while increasing AR by addition of recombinant mGX increases fertility outcome; and (b) mGX -/-sperm show simultaneously a lower rate of spontaneous AR and a higher rate of aborted embryos. In sperm from CD46-deficient mice, a positive link between the rate of spontaneous AR and fertility has also been mentioned but not demonstrated (4). It is important to note that the effectors used to modify the rate of spontaneous AR have been applied only during capacitation and then washed out, and thus these effectors or mGX catalytic products are unlikely to affect the downstream fertilization events. Our experiments thus support a model whereby mGX sPLA 2 targets a subpopulation of sperm, triggers their premature AR during capacitation, and thereby discards them from the competition race for fertilization, since only non-acrosome-reacted sperm can cross the ZP. Therefore, the socalled spontaneous AR would correspond in part to the premature AR triggered by mGX, and the latter would represent a physiological mechanism of sperm cell sorting that compensates for the unreliability in sperm production and quality (75, 76) .
Our experiments also provide evidence for a second role of mGX during fertilization, after ZP-induced AR and the release of mGX in the sperm-egg environment. Indeed, we have shown that mGX -/-sperm presented fertilization rates much lower than those of mGX +/+ sperm, with mean decreases of 44%-68% (Figure 3, D and E) . In comparison, blocking mGX activity during capacitation of mGX +/+ sperm also produced a decrease in the fertilization rate, but smaller than that with mGX -/-sperm, with mean decreases of only 24% (with LY329722, Figure 7A ), 39% (with YM26734, Figure 9A) , and 37% (with mGX antibody, Figure 9B ). These results clearly support a second role of mGX downstream of capacitation. Assuming that mGX has two different mechanisms of action, one during capacitation and another during fertilization, one should expect to see a more robust effect on fertility when using mGX -/-sperm than when using an sPLA 2 inhibitor or an antibody, which were only added during capacitation and only blocked released mGX sPLA 2 . Indeed, it is important to note that in the experiments using LY329722 or mGX antibody, the acrosomal mGX of non-acrosome-reacted sperm should remain fully active, since LY329722 analogs have low permeability (53) , antibodies are impermeant, and these compounds were washed out before gamete mixing. The fact that addition of LPC during the fertilization step was able to restore the fertilizing potential of sperm capacitated in conditions where mGX was inhibited also supports a role of mGX when secreted during ZP-induced AR. Besides, LPC increases both sperm binding to ZP and sperm-oocyte fusion (37, 38) . The targets of the mGX metabolites allowing sperm to efficiently fertilize an egg, however, remain to be determined. In conclusion, we have demonstrated that the in vitro fertility outcome is controlled by mGX, acting at two different stages, and any defects in mGX activity at these stages produces a drop in fertility.
We have, however, observed no defect in fertility when mGXdeficient male mice were crossed with WT females. This would argue for a noncritical role of mGX in sperm function, but given the essential role of sperm in the propagation of life, a redundancy of systems would not be unexpected. Indeed, there are many examples of knockout mice lacking important genes in sperm physiology and AR that are apparently fertile because of redundant or compensatory mechanisms. A nonexhaustive list of such genes includes Ca 2+ channels (77, 78) , acrosin (79), caveolin-1 (80) , and a spermspecific aminophospholipid transporter (15) . The lack of obvious reproductive defect in mGX -/-mice may be linked to the presence and role of multiple extra- or intracellular PLA 2 activities in sperm physiology that may act in concert or may be partially redundant (17) (18) (19) . However, we observed a lower fertility when crossing male and female mGX-deficient mice (Figure 3 ). This result suggests that mGX is also present in the female tract and may compensate for the deficit of mGX in sperm. This view is supported by our preliminary data showing the presence of mGX sPLA 2 in the female reproductive tract, notably in the uterine epithelium (56) . Similar observations have been made for iPLA 2 β-deficient mice, where crossings between iPLA 2 β-deficient males and females produced no offspring, while crossings between iPLA 2 β-deficient males and WT females did produce offspring, though at less than the normal rate (18) . This mGX -/-sperm phenotype may be reminiscent of a well-known human infertility situation where the infertility of a couple is due to the combination of male and female deficits. Such a cause is involved in 20% of infertile couples (79) .
Finally, we have demonstrated that recombinant mGX boosts the effect of endogenous mGX on spontaneous AR and signifi-cantly improves the rate of success of IVF in the mouse species, an improvement that is even greater in inbred mice known to present a subfertile phenotype. Moreover, non-acrosome-reacted sperm that were resistant to mGX treatment showed a normal ultrastructural morphology, and the oocytes fertilized with this sperm developed normally up to the blastocyst stage in vitro and gave rise to normal pups when reimplanted. Thus, mGX is a peculiar sPLA 2 that represents a hope for new therapeutic strategies to fight against human male infertility: mGX could be used as a potent therapeutic agent in assisted reproduction techniques, either to improve IVF outcome or to select sperm for intracytoplasmic sperm injection (ICSI) based on their acrosomal status. This strategy would be based on prior treatment of the sperm population with group X sPLA 2 (or another relevant human sPLA 2 ) and subsequent selection of non-acrosome-reacted sperm for IVF or ICSI.
Methods

Animals. All animal procedures were performed according to French and
Japanese guidelines on the use of living animals in scientific investigations with the approval of the respective local ethical review committees (the Grenoble Institut des Neurosciences ethical committee and the Institutional Animal Care and Use Committees of Showa University and of the Tokyo Metropolitan Institute of Medical Science). mGX-deficient mice (null for the Pla2g10 gene) on a C57BL/6J background were obtained from Lexicon Inc. as described previously (45) . All other animals were from Charles River Laboratories. All animals used were 2-6 months old.
In situ hybridization. A 355-bp DNA fragment corresponding to the nucleotide positions 221-576 of mouse cDNA (GenBank NM_011987) was subcloned into a pGEMT-Easy vector (Promega) and was used for generation of sense or antisense RNA probes. Digoxigenin-labeled RNA probes were prepared with DIG RNA Labeling Mix (Roche). Paraffin-embedded mouse testis sections (6 μm) were obtained from Genostaff Co. For in situ hybridization, the sections were hybridized with digoxigenin-labeled RNA probes (300 ng/ml) at 60°C for 16 hours. The bound label was detected using NBT-BCIP, an alkaline phosphate color substrate. The sections were counterstained with Kernechtrot (Muto Pure Chemicals Co.).
Quantitative RT-PCR. Total RNA was isolated from testis and epididymis of 8-week-old male C57BL/6J mice with TRIzol reagent (Invitrogen) and purified using an RNeasy Purification Kit (QIAGEN). First-strand cDNA synthesis was performed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-PCR analysis was carried out on an ABI Prism 7000 Sequence Detection System (Applied Biosystems) using Power SYBR Green PCR Master Mix (Applied Biosystems) and the TaqMan probe for mGX (Mm00449530_m1). The thermal cycling conditions comprised initial steps at 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles of amplification at 95°C for 20 seconds, 55°C for 20 seconds, and 72°C for 30 seconds. The expression of 18S mouse ribosomal RNA (accession number X00686) was used for normalization.
Immunohistochemistry. Mouse testis samples were fixed in 4% PFA and embedded in paraffin. The tissue sections (4 μm thick) were incubated with Target Retrieva Solution (Dako Cytomation) as required and then incubated overnight at 4°C with rabbit anti-mGX antibody (from M.H. Gelb, University of Washington, Seattle, Washington, USA) or normal rabbit IgG at 1:100 dilution in 10 mM Tris-HCl (pH 7.4) containing 0.15 M NaCl (TBS). The sections were then treated with a catalyzed signal-amplified System Staining Kit (Dako Cytomation) with diaminobenzidine substrate, followed by counterstaining with hematoxylin and eosin. Human testis sections (from 16-year-old males) were obtained by surgery at Toho University Ohmori Hospital (Tokyo, Japan) following approval by the ethical committee of the faculty and receipt of informed consent from the patients. Capacitation and AR assay. Sperm from caudae epididymides were allowed to swim in M2 medium for 10 minutes. When specified, sperm were capacitated in M16 medium with 2% fatty acid-free BSA at 37°C in a 5% CO2 incubator for various times. For sPLA2 treatment, sperm were incubated with sPLA2 in M16 medium at 37°C for the last 10 minutes. Cells were transferred in PBS solution and then fixed with 4% PFA solution for 2 minutes. Sperm were washed (100 mM ammonium acetate, 2 minutes), wet mounted on slides, and air dried. Slides were then rinsed with water and stained with Coomassie blue (0.22%) for 2 minutes and finally rinsed. Slides were analyzed, and at least 150 sperm were scored.
Electron microscopy. Sperm were fixed with 2.5% glutaraldehyde in 0.1 M Na + cacodylate pH 7.4 during 2 hours at room temperature. Cells were washed with buffer and postfixed with 1% osmium tetroxide in the same buffer for 1 hour at 4°C. After washing with water, cells were stained overnight at 4°C with 0.5% uranyl acetate pH 4.0. Cells were dehydrated through graded alcohol (30%, 60%, 90%, 100%, 100%, and 100%) and infiltrated with a mix of 1:1 Epon/alcohol 100% during 1 hour before several baths of fresh Epon (Fluka) during 3 hours. Finally, cells were centrifuged and immersed in fresh Epon and polymerized during 3 days at 60°C. Ultrathin sections of the cell pellet were cut with an ultramicrotome (Leica). Sections were post-stained with 4% uranyl acetate and 1% lead citrate before being observed in an electron microscope at 80 kV (JEOL 1200EX).
Detection of sPLA2 proteins in sperm. Sperm from caudae epididymides of different mouse strains (mGX -/-or WT C57BL/6J littermates, OF1, and BALB/c) were allowed to swim for 15 minutes at 37°C in 2.5 ml of M2 medium. Sperm were then washed by centrifugation at 500 g twice with M2 medium, then resuspended in 2.5 ml M16 medium. Five hundred microliters of sperm were then diluted in 4.5 ml M16 medium containing 2% fatty acid-free BSA and further incubated at 37°C for 10, 45, and 90 minutes. In some assays, A23187 Ca 2+ ionophore (5 μM) was added between 60 and 90 minutes of incubation. After incubation, sperm were spun down for 8 minutes at 500 g, and supernatants and cell pellets were flash frozen in liquid nitrogen and stored at -80°C. sPLA2 protein and enzymatic activity were analyzed on crude supernatants and cell pellets after resuspension in 500 μl M16 medium containing a cocktail of protease inhibitors (EDTA-free complete inhibitor set, Roche Biochemicals) and lysis with a Branson 350 Sonifier Cell Disruptor. TR-FIAs for sPLA2 were performed as described previously with minor modifications (56) . Briefly, 1-5 μl of protein sample were diluted in 100 μl of DELFIA assay buffer (Tris-HCl-buffered NaCl solution, pH 7.8, containing NaN3, BSA, bovine gamma globulins, Tween 40, DTPA, and inert red dye, PerkinElmer Wallac) and added to sPLA2 IgGcoated microtiter wells previously washed twice with TR-FIA washing solution (10 mM Tris-HCl, pH 7.8, containing 0.9% NaCl, 0.04% NaN3, and 0.02% Tween 20) . After incubation at room temperature with constant shaking at 200 cycles/min for 30 minutes, wells were washed 4 times with TR-FIA washing solution, incubated with 100 μl of Eu-labeled mGX IgG tracer (0.5 μg/ml diluted in DELFIA assay buffer), and washed again 4 times as above. After washing, 100 μl of DELFIA enhancement solution was added to wells and incubated at room temperature for 5 minutes with shaking at 200 cycles/min and thereafter for 10 minutes without shak-ing. Time-resolved fluorescence was measured using a Wallac Envision PerkinElmer plate reader and optimized optical modules for DELFIA assays. sPLA2 enzymatic activity was measured using radiolabeled E. coli membranes as substrate (43) . Briefly, 5-50 μl of cell lysates or supernatants were incubated for 60 minutes in 300 μl of sPLA2 activity buffer (0.1 M Tris pH 8.0, 10 mM CaCl2, and 0.1% BSA containing 100,000 dpm of [ 3 H]oleateradiolabeled E. coli membranes. Reactions were stopped by addition of 300 μl stop buffer (0.1 M EDTA pH 8.0 and 0.5% fatty acid-free BSA). Mixtures were centrifuged at 10,000 g for 5 minutes, and supernatants containing released [ 3 H]oleate were counted.
Production of recombinant sPLA2s and sPLA2 antibodies. Recombinant mouse group IIA, IID, IIE, IIF, V, and X sPLA2s were produced as described previously (81) . Pro-mGX sPLA2 and the H48Q mutant of mGX sPLA2 were produced as for mature WT mGX sPLA2 using the pAB3 vector, in which the nucleotide sequence coding for the propeptide and mature sequence of mGX (56) was inserted in-frame with the ΔGST protein and the factor Xa cleavage site, which were removed by cleavage with the factor Xa protease (81) . Recombinant H48Q mGX and pro-mGX sPLA2 were found to have 0.1% and 0.3% of WT mGX sPLA2, respectively (data not shown). All sPLA2 antibodies were produced in rabbit as polyclonal antibodies raised against the different recombinant sPLA2s. The IgG fractions used above for TRF-IA and experiments depicted in Figure 2E and Figure 9 were obtained by purification on protein A-Sepharose as described previously (56) .
IVF. Sperm, obtained by manual trituration of caudae epididymides from male mice (OF1, C57BL/6J, mGX -/-or WT littermates), were allowed to swim in M2 medium for 10 minutes. Eggs were collected from mature OF1 females (6 weeks old) synchronized with 7.5 units of pregnant mare serum gonadotrophin (PMSG) and 7.5 units of human chorionic gonadotrophin (hCG) before collection. The number of scored oocytes per condition was 43 ± 19 (min, 20; max, 109). We carried out IVF using standard protocols (82) . Eggs were incubated with 1.5 × 10 5 to 5 × 10 5 sperm/ml (37°C, 5% CO2) in M16 medium for 4 hours. Unbound sperm were washed away after incubation. Twenty-four hours after fertilization, we scored the different stages (unfertilized oocytes, aborted embryos, and 2-cell embryos as an indication of successful fertilization). The schematic course of IVF experiments is presented in Supplemental Figure 3 : after swimming, sperm were capacitated for 35-60 minutes in M16 2% BSA (37°C, 5% CO2). When specified, sPLA2 inhibitors or mGX antibody was added during the full period of capacitation. For treatment with recombinant mGX, sperm were incubated after capacitation for the last 10 minutes in M16 medium containing 200 nM mGX (or 1 μM LY329722 or mGX plus LY329722 in some experiments). After treatment, sperm were washed by centrifugation (500 g, 5 minutes) to remove unbound drug, possible lipid metabolites, and all acrosomal compounds released during sPLA2-induced AR. The rationale for this procedure was to avoid a subsequent and uncontrolled effect on IVF outcome by an uncharacterized compound released during AR such as PAF (30) . After drug washing, the concentration of remaining unbound mGX was estimated to be lower than 1 nM, based on dilution calculation. We checked that 1 nM mGX did not induce effects on sperm-oocyte fusion (37) . For this purpose, we performed IVF experiments in which sperm and oocytes were incubated with 1 nM mGX throughout capacitation and fertilization: no difference was found between control and treated gametes (data not shown). Finally, washed sperm were introduced into droplets containing between 20 and 109 oocytes. For LPC rescue experiments, LPC was introduced in the fertilization droplets at the same time as sperm. After 4 hours of incubation, unbound sperm were washed away, and IVF outcomes were scored at 24 hours.
Chemical compounds. M2 medium, M16 medium, and BSA (Cohn fraction Vlow fatty acid) were from Sigma-Aldrich. PMSG and HCG were from CEVA Santé Animal and Intervet, respectively. LPC (l-α-LPC from chicken egg) was from Avanti and YM26734 from Yamanouchi Pharmaceuticals.
Statistics. Statistical analyses were performed with SigmaPlot. t test and paired t test were used to compare the effect of various compounds on AR and fertility, respectively. Data represent mean ± SEM. Statistical tests with a 2-tailed P values ≤ 0.05 were considered significant.
